At the end of 2012, more than 402,000 end-stage renal disease (ESRD) patients in the United States were receiving hemodialysis (HD) therapy. 1 By current estimates, more than 700,000 Americans will have ESRD by 2015. 2 HD vascular access dysfunction is a major cause of morbidity and mortality in this population, and results in a significant component of the overall health care cost in the United States. 3, 4 Arteriovenous (AV) fistula use in HD patients has surpassed alternative access options during the past decade as a result of the National Vascular Access Improvement Initiative, or Fistula First program. 5, 6 Fistulas are associated with better clinical outcomes and decreased morbidity, including lower infection rates and shorter lengths of hospitalization, compared with AV grafts. However, both AV fistulas and grafts are prone to dysfunction and eventual failure. 7, 8 Neointimal hyperplasia associated with HD access causes significant morbidity such as disruption of adequate flow rates for HD, suboptimal HD, arm swelling, prolonged bleeding after the removal of dialysis sheaths, extremity swelling caused by diversion of flow, pseudoaneurysms, and frank thrombosis. 9 Percutaneous transluminal angioplasty (PTA) is a standard, first-line treatment for venous stenosis and is known to prolong the lifespan of HD access, but indications such as occlusions, frequent or early restenosis, and PTA-induced rupture have resulted in the frequent use of stents to supplement or replace PTA. Several retrospective series and multicenter, randomized, prospective trials [10] [11] [12] have examined the effectiveness of PTA, bare metal stents (BMS), and stent grafts (SGs) for a variety of indications related to the maintenance of HD access. This article provides guidance on the use of stents to preserve HD access from the perspective of our busy academic practice, as well as an updated review of the relevant published literature.
General Tips to Avoid Stent-Related Complications and Treatment Failure
Avoiding Stent Migration, Fracture, and Deformation "Measure twice and stent once." The best defense against stent migration is strict adherence to the practice of oversizing based on an increase of 10 to 15% over the estimated normal vessel diameter to ensure adequate apposition of the stent to the vessel wall. Excessive oversizing should be avoided to prevent associated neointimal hyperplasia, early in-stent restenosis, and in the case of SGs, "corduroy" deformity of the stent wall caused by incomplete expansion. The length of the stent should cover the length of the diseased segment plus short segments of adjacent normal vessel upstream and downstream to the lesion.
Balloon-expandable stents are easily and permanently crushed when exposed to minimal trauma. To avoid the known complication of crushed stents, in our practice, all stents used for peripheral indications to preserve vascular access are selfexpanding. The published use of balloon-expandable stents for dialysis vascular access has been limited to select cases of highly elastic central venous stenoses where precise placement is essential and the risk of traumatic stent compression is minimal. Dialysis shunts are superficial, sometimes cross joints, and are thus exposed to recurrent trauma, compression, and repetitive movement. Self-expanding stents are the only option in peripheral vessels since they more readily resume their shape after compression.
If at all possible, we avoid stent placement in cannulation zones or across joints to minimize the risks of fracture and fragmentation of stents, and infection of SGs. 13 Repeated punctures of BMS can cause stenosis or pseudoaneurysm formation leading to access dysfunction. That said, in some cases, cannulation zones or joints cannot be practically avoided, and we prefer to select SGs (see below) in this setting due to their resistance to fracture demonstrated in the limited published literature. [14] [15] [16] 
Selecting Covered versus Uncovered Stents
Stents can be further categorized as bare versus covered, and the advantages of each are discussed later in section "Specific Applications of Stents." To review, a stent is made of a meshlike metallic scaffold, typically nitinol (a nickel titanium alloy) or stainless steel. The advantage of nitinol stents over stainless steel stents is "shape memory"-the propensity to maintain stent length and shape throughout deployment. Covered stents, or SGs, are surfaced, either internally with polytetrafluoroethylene (PTFE) or externally with Dacron. At our institution, we prefer Viabahn SGs (Gore, Flagstaff, AZ) when crossing the elbow joint, covering cannulation sites, or spanning long venous segments. Viabahn is quite flexible, resistant to fracture, and available in longer sizes intended for their application to peripheral arterial disease. In addition, the low-profile Viabahn SG (Gore) allows for a smaller sheath caliber compared with that required for other SGs. Alternatively, despite its larger introducer, we use the Fluency SG (Bard, Tempe, AZ) without a sheath for these indications. When considering stents used in the treatment of the venous anastomosis of an AV graft, our preference is the FLAIR SG (Bard) due to favorable published results of this device for this specific indication (see section "Specific Applications of Stents"). For BMS, we typically use either Zilver (Bard) or Epic (Boston Scientific, Natick, MA) BMS for most indications because of their flexibility and shape memory.
Preserving Future Access Options
Stents have several significant drawbacks, and in our practice, we use them sparingly, particularly when their use places alternative access sites at risk. In such cases, despite frequent episodes of restenosis (up to 1 per month in our practice), we may continue to re-employ PTA as our secondary therapy and refer the case for future surgical revision or creation of new access. In such cases, exhausted access sites, the frequency of restenosis, and even social issues may play a role in the decision to continue repeating PTA more frequently instead of revising or replacing the access; the value of maintaining a multidisciplinary dialysis access conference for review of these cases is clear. The goal of any intervention should include preservation of not only current vascular access but also of future access options.
Certain anatomical locations are suboptimal for stent placement due to possible long-standing sequelae that interfere with that goal. If at all possible, stents should not "cage" venous branches that may serve as the outflow of future shunts or as a pathway for future catheter placement. Examples include coverage of the median cubital vein in the forearm, extension from the cephalic vein into the subclavian vein, and extension from the subclavian vein or brachiocephalic vein across the jugular vein confluence or contralateral brachiocephalic vein, respectively (►Fig. 1). Such measures may preserve future brachial-basilic or axillary fistula formation, future dialysis catheter placement, or even future access options in the entire contralateral limb.
Avoiding Infection
The authors' preference is to administer a single intravenous dose of prophylactic antibiotic before stent deployment. No published evidence supports periprocedural prophylactic antibiotics for stent deployment, but stents are foreign bodies, and rigorous adherence to aseptic technique is recommended. For those deemed to be at high risk for infection (e.g., long procedures, thrombolysis procedures, immunecompromised patients), antibiotics are administered by some interventionalists to cover skin pathogens, particularly when the case involves a synthetic graft rather than a fistula. Specifically for SGs, prophylactic antibiotics are recommended when stents are placed across pseudoaneurysms and aneurysms, as chronic clot within them has been shown to be colonized by bacteria. 17, 18 
Follow-up
Following stent placement to maintain HD access, routine follow-up is performed by our nephrology colleagues at the time of dialysis via physical exam and standard hemodynamic surveillance techniques. Complex or recurring cases are discussed at our multidisciplinary vascular access conference. We do not routinely recommend anticoagulation after stent placement since the incidence of early thrombosis is low. However, we recommend immediate and long-term anticoagulation in cases of early thrombosis following stent deployment, particularly in cases involving chronically low blood pressure or absence of an identifiable anatomic cause of thrombosis.
Specific Applications of Stents
Venous stenosis along the HD vascular access circuit is a common and often difficult clinical entity to treat. In our practice, we treat all dialysis access stenoses with PTA first and reserve BMS and SGs for elastic stenoses or early recurrent (< 1 month) stenoses. If at all possible, we attempt to adhere to KDOQI clinical practice guidelines, 19 which recommend that stents should be considered in the setting of unsuccessful PTA for peripheral venous stenosis resulting in either elastic recoil or early recurrent stenosis within 3 months. That said, the role of stents is evolving, as increasingly improved and robust studies over the past decade have demonstrated promising results, particularly for AV graft venous anastomotic stenosis and in-stent stenosis.
Historically, initial studies that looked at BMS versus PTA alone reported mixed results with no clear benefit for stents over PTA alone. 11, [20] [21] [22] However, nitinol BMS offer a clear advantage over PTA alone for a select patient population that has failed PTA because of elastic recoil, rapidly recurrent stenosis, or vessel rupture. In a prospective nonrandomized trial of patients that failed PTA, Vogel and Parise demonstrated significant reduction of restenosis using the SMART BMS (Cordis Corporation, Bridgewater, NJ) versus PTA, and also improved mean primary graft patency for its use specifically at the venous anastomosis, 12 but difficulties with in-stent restenosis persisted. This study was limited by a small sample size and nonrandomization.
Venous Anastomotic Stenosis
The majority of AV grafts occlude due to progressive stenosis at the venous anastomosis. When venous anastomotic stenosis is clinically suspected, treatment considerations are based on the age of the graft, the timing and frequency of past interventions, the angiographic appearance of the stenosis, and its response to initial attempts at PTA. For focal, hemodynamically significant narrowing at the venous anastomosis, the first-line initial therapy consists of PTA. However, the time interval since graft creation should exceed 1 month to minimize the risk of rupture with PTA. If there is elastic recoil or early recurrence of the focal stenosis within 1 month, we proceed with primary SG placement. If the venous anastomotic site demonstrates a focal occlusion or a long, complex stenosis with a poor response to PTA, stent placement is again strongly considered.
In most cases, when stents are required at the venous anastomosis, we deploy a FLAIR SG (►Fig. 2). For this indication, these stents offer the patency advantages described below, and they are manufactured in distally flared and unflared configurations that can be chosen when the diameter of the outflow vein central to the stenosis is larger than or equal to that of the AV graft, respectively. It is critical that a "landing zone" of nondiseased segment measuring at least 10 mm be incorporated into the SG length at both the proximal end (intragraft) and distal end (native outflow vein) to SG stability. This in addition to the length of stenosis determines the SG length chosen. Again, it is important to avoid caging potential future site of access that would use the brachial or basilic veins as outflow vessels. For the FLAIR SG, we predilate the stenosis to allow for full stent deployment and easy removal of the delivery sheath. There have been anecdotal cases of stent deployment in which the delivery sheath could not be removed or dislodged the stent during removal.
After deployment of the flared version of the FLAIR SG, the distal end of the SG is angioplastied with a larger balloon diameter to ensure apposition of the flared end to the native vein wall. The remainder of the stent is angioplastied using a balloon equal to or 1 mm greater than the SG diameter. A final angiogram is always performed to assess the caliber of the venous anastomosis poststent deployment and to verify improvement in flow.
The quality and quantity of published evidence for the use of anastomotic SG is growing. Two recently conducted randomized, prospective, multicenter controlled clinical trials, RENOVA and REVISE (FLAIR and Viabahn SGs, respectively), have shown that deployment of SGs at the venous anastomosis resulted in superior postintervention treatment area primary patency (TAPP) and overall access circuit primary patency (ACPP) at 6, 12, and 24 months as compared with PTA alone. [23] [24] [25] [26] Although both trials included patients with stenoses at the venous anastomosis, the REVISE trial also included shunts with complete thrombotic occlusion and stenoses at the elbow. The results from the FLAIR/RENOVA trials demonstrated SG ACPP at 6, 12, and 24 months of 38, 24, 9.5% versus PTA of 20, 10, 5.5%, respectively (p ¼ 0.01). [23] [24] [25] In addition, access circuit stenosis warranting reintervention within 24 months occurred significantly more often in the PTA group (83%) versus the SG group (63%; p < 0.001). The REVISE trial demonstrated similar results to the RENOVA trial, with SG ACPP at 6, 12, and 24 months of 43, 21, and 10% versus PTA ACPP of 29, 15, and 7% (p ¼ 0.035) with SGs resulting in greater primary patency for both thrombotic and nonthrombotic patients. 26 Interestingly, in the REVISE trial, prior intervention did not affect the outcomes of the SG group but predicted unfavorable outcomes for the PTA group. The absence of detected SG fractures, especially at the crossing of the elbow, highlighted another promising advancement of SG technology. Although the financial cost benefit of SGs versus PTA for venous anastomotic stenosis has yet to be determined, the REVISE trial estimated a cost reduction of $2,000 per patient in the SG arm over the course of the study. 26, 27 
Recurrent Stenosis
Overutilization of stents has increased the incidence of instent stenosis in the HD population. In our practice, to maintain maximal luminal diameter and minimize procedural cost, we treat mild, hemodynamically significant in-stent restenosis with PTA using either high-pressure balloons such as the Conquest (Boston Scientific) or using cutting balloons (Boston Scientific) in refractory cases. For more severe cases, stents are required. The choice of BMS versus SGs for this indication is highly operator dependent, since no published data offer conclusive advantages of BMS versus SGs in this setting. The PTFE or Dacron covering of SGs excludes neointimal hyperplasia development and prevents migration of smooth muscle cells, acting as a barrier between the potentially thrombogenic wall and luminal blood flow. 28 Therefore, we do not hesitate to rescue a poor PTA result with a SG. But SGs are no panacea and are prone to "edge stenosis" that tends to occur within 5 mm of each end of the SG, with neointimal formation from the ends of the stent migrating toward the center. 29 Our staged approach to mild in-stent stenosis is subject to change with further support from the published data. A recent robust multicenter prospective clinical trial, RESCUE, evaluated PTA versus the Fluency SG for recurrent in-stent stenosis and demonstrated superiority of SGs. 30 The 6-month postintervention TAPP was 65% for SGs versus 10% for PTA (p < 0.001), and the 6-month ACPP was 17 versus 3%, respectively (p < 0.001). Of note, superiority of SGs was demonstrated for both AVG and AVF, and did not affect postintervention lesion patency (central or peripheral). The study excluded thrombosed grafts and in-stent stenoses in the cephalic arch and elbow regions.
Cephalic Arch Stenosis
Cephalic arch stenosis is another frequent problem encountered in malfunctioning HD access, particularly in the setting of brachiocephalic fistulas for which the estimated prevalence is up to 40%. 31 The management of cephalic stenosis is challenging due to the resistant nature of the stenosis, early restenosis, and high rupture rates during PTA. [31] [32] [33] In addition, when PTA-induced rupture occurs, bleeding is difficult to manually compress, and large, axillary hematomas can cause significant morbidity and threaten access viability. For this reason, we take a delicate approach to the treatment of this entity with precautions similar to those employed during peripheral arterial PTA. We access with vascular sheaths large enough to deploy a rescue SG, should it be required to treat rupture. In addition, we maintain wire access across the cephalic arch when performing our post-PTA angiogram to allow for appropriate rescue interventions. In our experience, these precautions have not been as critical when performing angiography after PTA of other segments of the peripheral venous outflow.
When stents are required, our practice has seen a gradual shift from BMS toward Viabahn SGs for this indication, again related to the evolving published literature. A prospective, randomized study by Shemesh et al compared PTA with either SG or BMS for recurrent cephalic arch stenosis (within 3 months of successful PTA). 34 Only patients with brachiocephalic fistulae were included. Six-month and 1-year patency rates for SG and BMS were 82 and 32% versus 39 and 0%, respectively (p ¼ 0.002). Although the authors concluded that restenosis rates were significantly better for SG versus BMS, this study was limited by its extremely small size (only 12 and 13 patients in BMS and SG, respectively). However, another prospective, randomized, multicenter study is underway comparing outcomes between PTA and Viabahn SGs for cephalic arch stenosis and central venous stenosis/occlusions, with an expected completion date in early 2015. Given the reported high incidence of BMS fracture at the cephalic arch and within the subclavian vein, it remains to be seen if SGs are also at risk for fracture at these sites.
Finally, all cases of recurring or refractory cephalic arch stenosis are discussed at our multidisciplinary vascular access conference for consideration of possible future salvage surgical intervention. A recent study compared surgical transposition of recurring cephalic arch stenosis plus PTA with SGs.
One-year primary patency was 39 versus 32% for surgical revision plus PTA versus SG, respectively, demonstrating equivalence of the treatment modalities. 33 
Exclusion of Aneurysms and Pseudoaneurysms
Aneurysms and pseudoaneurysm formations are significant complications of AV shunts that can potentially jeopardize access longevity. In addition, rare progressive enlargement due to repeated punctures may lead to compromise of the overlying skin and, if not addressed timely, rupture and death by exsanguination can occur. While aneurysms and pseudoaneurysms are frequently grouped together to describe enlargement of fistulas and grafts, our treatment approach to these two pathological entities differs. In both entities, outflow vein stenosis is thought to contribute by increasing intragraft or fistula pressure. [35] [36] [37] A true aneurysm contains all three layers of the vessel wall -intima, media, and adventitia-and is the most common form of dilatation encountered in AV fistulas. In a native fistula, dialysis access usually remains functional despite gross enlargement and deformity of the access. Despite this appearance, we never recommend the use of SGs as a cosmetic treatment for AV fistulas. However, SGs may be indicated in cases of aneurysms causing frequent, recurrent shunt thrombosis, difficult access for dialysis, or compromise of the overlying skin.
A pseudoaneurysm, also referred to as false aneurysm, is the most common form of dilatation encountered with synthetic AV grafts, and usually results from a leaking hole in a vessel wall with a hematoma contained by the surrounding neointimal or fibrous tissue. This results from repeated punctures during dialysis and is usually limited to the area of the graft. We use SGs when signs of impending rupture are present (rapid increase in size or spontaneous bleeding), when there is threatened viability of overlying skin, or when the size of the pseudoaneurysm limits the availability of cannulation sites. Pseudoaneurysms can occur with both native fistulas and grafts when arterial anastomotic breakdown occurs, which constitutes a surgical emergency. Temporary placement of a high-compliance balloon across the arterial anastomosis may be necessary to bridge the gap for many minutes to perform emergent surgical intervention.
Endovascular exclusion of aneurysms or pseudoaneurysms requires adequate landing zones of at least 10 mm at both ends of the lesion to avoid the complications of endoleak and stent dislodgment leading to access thrombosis. At our institution, we typically deploy either a Fluency or a Viabahn SG for this indication. After stent deployment, we occasionally puncture and aspirate the excluded dilated segment with an 18-G needle to remove residual blood, and perform an angiogram with extended delayed imaging to rule out an endoleak (►Fig. 3). The removal of residual blood seems to improve the cosmetic result and may reduce the risks associated with residual dead space in the excluded sac such as infection or endoleak. Type 3 endoleaks occur when SGs placed across cannulation zones are repeatedly punctured for dialysis and leakage into the excluded aneurysm or pseudoaneurysm recurs (►Fig. 4).
Repair of Angioplasty-Induced Vascular Rupture
Angioplasty-induced venous rupture is a common and wellknown complication of AV fistulas and grafts. In most cases, external manual compression or prolonged tamponade with an angioplasty balloon at the rupture site controls extravasation and preserves the dialysis access. However, for extravasation not controlled by conservative measures or those that are inaccessible to manual compression, both BMS and SGs have been shown to be an effective bailout strategy to salvage access and control antegrade flow. 38, 39 The choice between devices is operator dependent in our practice. Although BMS may be effective for this indication (►Fig. 5), most of our interventionalists prefer SGs, which have been reported to have better short-term results and superior patency rates. 39 
Central Venous Stenosis
Central venous stenosis or occlusion ipsilateral to a dialysis shunt is a relatively common problem with an incidence ranging from 4 to 40%. 40, 41 The most common etiology in this patient population is repeated placement of central venous catheters. The majority of the affected patients remain asymptomatic. However, in some cases, high venous pressure and blood flow reductions from limited collateral venous drainage compromise dialysis delivery. Consequences include development of dilated and tortuous collateral veins, and symptomatic ipsilateral upper extremity and facial edema. 40, 41 Treatment options depend on the location, severity, and chronicity of the stenosis. For mild-to-moderate stenoses, we use PTA as our first-line treatment option with early and close follow-up during dialysis. Stent placement for central venous lesions is generally reserved for cases of PTA failure, early recurrence within 3 months after initially successful PTA, or in cases of rupture after PTA. However, for severe central venous stenosis or occlusion, we commonly proceed with primary stent placement since immediate elastic recoil and early restenosis are common in our experience. Admittedly, literature support for this approach is sparse. PTA alone has demonstrated variable technical success ranging from 70 to 90%; however, this strategy has resulted in a primary patency at 6 months of only 23 to 63%, 40 emphasizing the need for careful patient selection and a low threshold for stent utilization.
Central venous disease is often highly elastic, requiring a stent with high radial force. In addition, precise placement is essential to avoid caging branch vessels and prevent the stent from extending into the right atrium. Therefore, balloonexpandable stents are sometimes used for this indication to exploit their high radial force and precise placement with minimal foreshortening. Central venous stent placement has demonstrated very high technical success rates, approaching 100%, and low complications rates. 40 A recent retrospective study evaluated long-term outcomes of SG placement in patients with symptomatic central venous lesions and ipsilateral dialysis accesses, and demonstrated 6, 12, and 36 month lesion patency rates of 60, 40, and 28%, and access patency rates of 96, 94, and 72%, respectively. For this study, the indications for SG placement were poor PTA results, rapid recurrence of stenoses, or total occlusion. It was concluded that SG placement in these clinical scenarios is associated with prolonged access patency. 41 
Conclusion
In the last two decades, there has been a dramatic increase in stent placement for dialysis access venous stenosis, in-stent stenosis, aneurysms and pseudoaneuryms, and angioplastyinduced vascular rupture. At this point, there is level 1 evidence for SG superiority over PTA for venous stenosis in AV grafts and in-stent stenosis in both AV grafts and AV fistulae. Given significant updates in evidence for stent use and considerable advancement in stent technology, we feel that an update of KDOQI clinical practice guidelines, which have not been revised in over 8 years, is in order. Although recent data for stent use in AV fistula lesions are promising, at present, we do not routinely deploy stents in this setting as a primary treatment. Until further large prospective, randomized controlled trials are conducted to assess primary stenting of venous stenosis in the setting of AV fistulas, our preference remains PTA as a primary treatment for AV fistula dysfunction.
